Unavoidable side reactions of photosynthetic energy conversion can damage the water-splitting photosystem II (PSII) holocomplex embedded in the thylakoid membrane system inside chloroplasts. Plant survival is crucially dependent on an efficient molecular repair of damaged PSII realized by a multistep repair cycle. The PSII repair cycle requires a brisk lateral protein traffic between stacked grana thylakoids and unstacked stroma lamellae that is challenged by the tight stacking and low protein mobility in grana. We demonstrated that high light stress induced two main structural changes that work synergistically to improve the accessibility between damaged PSII in grana and its repair machinery in stroma lamellae: lateral shrinkage of grana diameter and increased protein mobility in grana thylakoids. It follows that high light stress triggers an architectural switch of the thylakoid network that is advantageous for swift protein repair. Studies of the thylakoid kinase mutant stn8 and the double mutant stn7/8 demonstrate the central role of protein phosphorylation for the structural alterations. These findings are based on the elaboration of mathematical tools for analyzing confocal laser-scanning microscopic images to study changes in the sophisticated thylakoid architecture in intact protoplasts.
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confocal microscopy | macromolecular crowding | photosynthesis P hotosynthetic transformation of sunlight into metabolic energy equivalents is a dangerous venture, because toxic side products of the primary photochemical processes can lead to uncontrolled damage. Harmful photosynthetic side reactions cannot be avoided completely and become a serious problem under stress (e.g., high light stress). The main target of photoinhibition (PI) is the D1 subunit of the water-splitting photosystem II (PSII) (1, 2) . The D1 subunit is buried in the massive (1,400 kDa) PSII holocomplex that is organized as a dimer and binds between two and four trimeric light-harvesting complex IIs (LHCIIs) (3, 4) . Estimates predict that without repair of damaged PSII, the efficiency for photosynthetic energy conversion would drop below 5% (5) . Consequently, plants would not survive in a highly dynamic and competitive natural environment. Plants address this challenge through the evolutionary invention of one of the fastest and most efficient molecular repair mechanisms in nature, the PSII repair cycle (5-7).
The PSII repair cycle consist of a series of events, including phosphorylation/ dephosphorylation of PSII subunits, holocomplex disassembly/reassembly, and D1 degradation/de novo synthesis (8) (9) (10) . All of these reactions are harbored in or at the thylakoid membrane system inside the chloroplast. The complex folding of the thylakoid membrane leads to a structural differentiation into stacked grana regions interconnected by unstacked stroma lamellae (11) (12) (13) . This structural heterogeneity is accompanied by, and partly driven by, differential protein distributions. PSII and LHCII are concentrated in grana stacks, photosystem I (PSI) and the ATPase are more abundant in stroma lamellae, whereas the cytochrome (cyt) b 6 f complex is assumed to be distributed homogenously (14) (15) (16) ).
An important consequence of the thylakoid architecture is the spatial lateral separation (up to a few 100 nm) of PSII in grana thylakoids from its repair machinery localized mainly in the stroma lamellae. Thus, restoration of damaged PSII requires that proteins travel from stacked to unstacked thylakoid regions and back. An unsolved problem is that protein traffic through grana membranes is challenged by macromolecular crowding, which severely limits the mobility of the PSII holocomplex (17) . Diffusion measurements by the fluorescence recovery after photobleaching (FRAP) technique have shoun that only 15-25% of the protein complexes in grana are mobile (18, 19) . Furthermore, this mobile fraction most likely represents the much smaller LHCII, not PSII. Immobility of the PSII holocomplex in grana is supported by computer simulations (20) . Knowledge of how damaged PSII in grana is mobilized to enter the repair process is essential to understanding how plants maintain their photosynthetic performance.
Two factors could facilitate lateral diffusion of damaged PSII through crowded grana, both of which are triggered by phosphorylation of PSII subunits (D1, D2, CP43, and psbH), mainly by the stn8 kinase (8, 9, 21, 22) and eventually also by the stn7 kinase (23) . One of these factors is disassembly of the dimeric holocomplex to a smaller monomeric unit. Although evidence indicates that PI leads to phosphorylation-dependent dismantling of the PSII holocomplex (23, 24) , the consequences for PSII mobility are less clear. For example, the correlation between particle size and particle mobility in crowded grana is difficult to predict. Although it seems intuitively attractive that smaller proteins move faster, the opposite effect has been demonstrated by Monte Carlo computer simulation for stacked grana (25) . The other factor that may contribute to mobilization of damaged PSII is partial destacking of the grana. The grana system can alter its overall shape in response to environmental conditions (26) (27) (28) . Evidence exists that PI leads to a partial destacking of grana (29, 30) ; however, this could mean either a transversal increase of the stromal gap between adjacent membranes in a granum (a so-called "partition") or a lateral decrease in the diameter of a grana stack. Although the literature favors the first possibility, information on changes in grana diameter is limited.
In this study, we used unique combinations of confocal laser scanning microscopy (CLSM) and mathematical image analysis to study structural changes of the grana arrangement in intact protoplasts induced by high-light (HL) treatment. These structural studies were complemented by compositional analysis of Author contributions: H.K. designed research; M.H., S.T., C.K., M.V.T., and H.K. performed research; M.H., S.T., C.K., M.V.T., and H.K. analyzed data; and M.H. and H.K. wrote the paper.
isolated stroma lamellae and protein diffusion measurements by FRAP on isolated grana thylakoids. Our results reveal that HL treatment leads to reduced grana diameter and condensation of the grana network, along with increased mobility of grana-hosted protein complexes. Measurements on stn8 and stn7/8 double mutants also revealed that phosphorylation of PSII and LHCII subunits are involved in these changes.
Results
Protoplasts for Studying Photoinhibition of PSII. High light stress in plants has so far been studied in leaves, isolated chloroplasts, and thylakoid membranes (21, 29, 31) . In this paper, we report this phenomenon in detail using protoplasts isolated from Arabidopsis thaliana. An advantage of this approach for HL studies is that the light distribution is more uniform in protoplasts than in leaves, which have complex and variable optical properties, allowing homogeneous inhibition of the PSII complexes in the sample. Furthermore, the accessibility and distribution of effectors, such as inhibitors, is better and more homogeneous in protoplasts. For example, inhibition of plastidial protein synthesis requires several hours of incubation in a lincomycin solution and/or vacuum infiltration (30, 32) , which can be avoided by using protoplasts (Materials and Methods). Protoplasts also can be used directly for CLSM studies, allowing for fast and easy isolation of thylakoid membranes and their subfragments. In the present study, we demonstrated the successful preparation of grana thylakoids and stroma lamellae from protoplasts by monitoring 77 K fluorescence spectra and using SDS/PAGE (Fig. S1 ).
HL treatment of protoplasts was characterized by changes in the ratio of variable chlorophyll fluorescence (F v ) to maximal chlorophyll fluorescence (F max ) and by D1 protein content in the presence or absence of lincomycin (Fig. S2) . The F v /F max ratio decreased to ∼55% after 60 min of HL treatment. The decrease was faster in lincomycin-treated protoplasts, with ∼35% decrease after 60 min, demonstrating that impaired protein synthesis in chloroplasts increases the risk of PSII photodamage. This is indicative of an operative PSII repair cycle in protoplasts, as was further confirmed by measurements of D1 content derived from Western blot analysis (Fig. S2, Inset) . In the presence of lincomycin, D1 was rapidly degraded, but its content remained almost unchanged over 60 min of HL treatment in the absence of the inhibitor. The unchanged D1 level without lincomycin is the result of a balanced D1 degradation and de novo synthesis by the PSII repair cycle. Overall, the characteristics of HL-induced PSII inactivation and D1 degradation in protoplasts were similar to those seen in leaves (24) .
Structural Changes in the Thylakoid Membrane Network Induced by PI. Architectural changes in the overall thylakoid organization of protoplasts in the absence of lincomycin were studied by CLSM in combination with mathematical analysis. The intactness of protoplasts used for these measurements was verified by checking the integrity of the cytoplasm membranes stained with the membrane marker boron-dipyrromethene (BODIPY) (Fig. 1A) . For morphometric analysis, chloroplasts in protoplasts were selected in which grana were oriented in a top view position, where they appear circular. The first analysis concerned the overall arrangement of grana in thylakoids, that is, quantification of the separation between adjacent grana stacks by next-neighbor distribution analysis (Fig. 1B) . The Cartesian coordinates of the center of individual grana stacks were extracted (Fig. 1B) , leading to x,y maps of grana positions. From these maps, the next-neighbor distribution function (NNDF) was calculated (Fig.  1B, Right) . NNDF analysis of WT cells showed that the distance between adjacent grana stacks was reduced by ∼25% in HLtreated protoplasts, indicating condensation of the entire grana network. This condensation occured within the first 30 min of HL treatment (Fig. 1B) ; no further condensation was apparent at longer time points. In contrast to WT cells, no HL-induced reduction in grana-grana separation was seen in stn8 or stn7/8 mutants (Fig. 1B) .
The second morphometric analysis concerns the grana diameter that was determined from gray-scale profiles of individual grana stacks (Fig. 1C) . The grana image gallery in Fig. 1C shows a decrease in grana diameter after 30 min of illumination. This was quantified by measuring the FWHM values derived from the gray-scale profiles. Note that FWHM values were well above the CLSM's lateral resolution of 288 nm (Fig. S3 ), but optical blurring effects were apparent in this size range, causing widening of the measured diameter. This was corrected by a deconvolution procedure (Fig. S3) . The corrected values for WT protoplasts shown in Fig. 1C (Right) show lateral shrinkage of grana diameter from ∼370 nm to ∼300 nm after HL. This shrinkage occurred within the first 30 min of HL treatment; after this time point, grana diameter remained unchanged. The reduction in grana diameter derived from CLSM image analysis was confirmed by biochemical fractionation data quantifying the percentage of grana thylakoid membranes (Fig. 1C , Right). After thylakoid fractionation with digitonin into grana and stroma Cartesian coordinates of the center of gravity for the grana stacks were extracted from the CLSM images of protoplasts in A (red crosses) and analyzed by NNDF. Data are mean ± SE, collected from three independent preparations. (Lower Right) Mean grana-grana separation distances, quantified as the distance at which the NNDF is 50%, derived from the NNDF analysis. The color code is as in C. (C) (Left) Gallery of grana discs for WT samples. Gray-scale profiles (curves at the top and bottom) were extracted from CLSM micrographs of individual grana discs, and FWHM values were determined (red lines and numbers). (Scale bar: 500 nm.) (Right) FWHM as a function of the incubation time under HL treatment for WT (black), stn8 (red), and stn7/8 double mutant (green). Data were corrected for blurring effects as described in Fig. S3 . Blue circles indicate the yield of grana membranes after digitonin fragmentation of thylakoids isolated from protoplasts. The yield is defined as the total chlorophyll content of grana relative to the content of grana plus stroma lamellae.
lamellae, the percentage of chlorophyll found in the grana fraction decreased from ∼83% in dark-adapted samples to ∼66% in HL-treated samples, indicating grana destacking (Fig.  1C, Right) . This was in accordance with previous biochemical data (29) . Both grana shrinkage and grana network condensation had a half time of approximately 10 min (Fig. 1) . The architectural changes in the thylakoid system were not caused by shrinkage of the overall chloroplast, as indicated by unaltered chloroplast sizes measured by CLSM. The chloroplast areas of dark-adapted, 30-min HL-treated, 60-min HL-treated, and 90-min HL-treated samples were 27.9 ± 1.8 μm 2 (n = 74), 26.6 ± 1.9 μm 2 (n = 61), 28.2 ± 1.7 μm 2 (n = 59), and 25.3 ± 1.3 μm 2 (n = 54), respectively. Furthermore, grana diameter was approximately 50% larger in the stn7/8 double mutant compared with the dark-adapted WT samples (Fig. 1C , Right), in agreement with EM studies (30) . In contrast to the EM studies, however, no such increase was observed for stn8. We have no explanation for this discrepancy. However, similar to the NNDF analysis, HLinduced shrinkage of the grana diameter was not apparent for both the stn8 and stn7/8 double mutants (Fig. 1C) .
Transformation of stacked to unstacked thylakoid membranes is expected to be accompanied by the release of grana-hosted proteins to stroma lamellae. To test this, we characterized the compositional changes of isolated stroma lamellae using spectroscopic and gel electrophoresis methods (Fig. 2) . HL treatment led to a drop in the chlorophyll a/b ratio from ∼8 in dark-adapted samples to ∼5 after 90 min of HL treatment, indicating increased LHCII content in stroma lamellae. This observation was confirmed by densitometric analysis of the 25-kDa band on SDS/ PAGE ( Fig. 2 and Fig. S1A ). We also observed a progressive increase in PSII content in stroma lamellae determined by quantification of the cyt b559 concentration (Fig. 2) . Cyt b559 is found exclusively in the PSII core and thus is a marker for the content of this photosystem. The PSII concentration, expressed as cyt b559/chlorophyll ratio, increased by ∼30% after the 90-min HL treatment. Accumulation of PSII in stroma lamellae is further supported by Western blot data on isolated stroma lamellae showing a continuous increase in D1 content over the 90-min HL treatment (Fig. S1B) . The increases in LHCII and PSII are in agreement with the increase in fluorescence emission around the 684-nm band (F684) detected in the 77 K fluorescence spectra of isolated stroma lamellae (Fig. S1D) . These in vitro studies are supported by CLSM measurements with intact protoplasts showing increasing intensity of the fluorescence preferentially emitted from PSII and LHCII in stroma lamellae after HL treatment (Fig. S4) . PSII and LHCII content in unstacked thylakoid membranes increased steadily during the 90-min HL treatment (Fig. 2 and Fig. S1 ). Partial lateral destacking can explain this increase only for the first 30 min (Fig. 1C) . The further increase beyond 30 min suggests a diffusion of granahosted proteins out of the stacked thylakoid regions, as discussed in the next section. Finally, quantification of the cyt b 6 f content in stroma lamellae revealed almost no change (Fig. 2) , consistent with data showing a homogenous distribution of this complex between stacked and unstacked thylakoids (14, 15) .
Diffusion Analysis by FRAP in Isolated Grana Membranes. For measuring diffusion of chlorophyll-binding protein complexes (PSII and LHCII) in grana, we used FRAP for digitonin-prepared grana thylakoids, as described previously in isolated grana prepared by treatment with Triton X100 (BBY particles) (18) . In contrast to BBY membranes, the grana membranes isolated by digitonin treatment still contained the cyt b 6 f complex. From difference spectroscopic measurements of cyt f and cyt b 6, we determined a chlorophyll/cyt b 6 f complex ratio of 1,362 ± 73 (n = 5), indicating a more native membrane state compared with BBY membranes (14) (15) (16) . FRAP data are summarized in Fig. 3 . At time point 0, a thin line of pigments in the middle of a grana patch was bleached, and the time-dependent fluorescence recovery was recorded. Greater fluorescence recovery indicates a higher fraction of mobile chlorophyll-protein complexes. The FRAP data reveal significantly increased protein mobility in grana thylakoids isolated from WT protoplasts after HL treatment in the absence of lincomycin. Under non-photoinhibiting conditions, ∼24% of grana protein complexes were mobile, whereas after HL treatment, the mobile fraction increased to ∼40% (Fig. 3, Inset) . Our findings indicate that protein mobility in grana membranes is greater after HL incubation, in accordance with data showing greater protein exchange between grana discs after HL treatment (19) . Similar to the changes in grana diameter (Fig. 1C) , the increase in protein mobility leveled off after 30 min. This increased protein mobility was not observed for the kinase mutants (Fig. 3, Inset) , indicating that phosphorylation in grana is required for protein mobilization.
Discussion
The data reported here indicate that high light stress induces an architectural switch of the entire thylakoid network in chloroplasts to a state advantageous for the repair of damaged PSII (Fig. 4) . The two main features of this switch are partial lateral destacking of grana and increased protein mobility in grana core membranes. These changes work synergistically to enhance the accessibility of photoinhibited PSII to its repair machinery and are accompanied by a condensation of the grana network (Fig.  1B) . More importantly, the comparisons of WT with stn8 and stn7/8 double mutants clearly indicate that the HL treatmentinduced structural alterations and the changes in protein mobility of grana-hosted proteins reported here require phosphorylation of PSII subunits and eventually of LHCII as well (Figs. 2 B and C and 4, Inset).
Our findings demonstrate that HL treatment causes lateral shrinkage of grana discs. Previous studies reported partial destacking of grana induced by HL treatment (29, 33) , but the biochemical fractionation/light-scattering approaches used in those studies did not allow discrimination between an increase in the partition gap and a reduction in grana diameter. Fristedt et al. (30) also used EM to study changes in thylakoid ultrastructure induced by HL treatment and reported no differences in grana diameter, in contrast to our findings; however, the error bars for determination of the grana diameter from the EM micrographs are on the order of ±35%, which does not allow visualization of the more subtle 20% reduction detected by CLSM analysis (Fig. 1C) . Of note, the reduction in grana diameter does not exclude the possibility that HL also triggers transverse widening of stromal partition gap; as such, it introduces a structural element not considered so far.
An interesting observation is the cessation of grana destacking at a diameter of ∼300 nm (Fig. 1C) . This is reminiscent of the partial destacking induced by state transition that is operative under low light and controlled by the stn7 kinase (6, 27, 34) . In plants, transition from state 1 to state 2 leads to a reduction of the grana area by up to ∼25% but no further (6) , similar to what we found for HL-treated samples (Fig. 1C) . Although the kinases and target proteins for phosphorylation are different (LHCII subunits for state transitions and PSII core proteins for HL treatment), both processes led to similar degrees of lateral unstacking. This corresponds to the idea that the phosphorylation level of grana proteins is a general determinant of thylakoid membrane stacking (33) . The meaning of a limiting "lateral destacking threshold" remains to be elucidated, but points to structural and compositional differences within the grana, that is, between core grana and peripheral grana. This is in line with the hypothesis that grana margins form a functional domain for the PSII repair cycle (35) , which allows for efficient contact between damaged PSII and its repair machinery.
Partial destacking by shrinkage of the grana diameter leads to the release of former grana-hosted proteins, including PSII and LHCII ( Fig. 2 and Fig. S1D ). The functional state of the released LHCII in stroma lamellae is critical, because free LHCII can produce toxic reactive oxygen species. For the green algae Chlamydomanos reinhardtii, it was shown that under state II, phospho-LHCII that uncouples from PSII switches to an energydissipative state, likely by formation of small aggregates (36) . This switch safely converts harvested energy into heat. In contrast to state transitions, the LHCII phosphorylation level is lower in HL-treated samples compared with dark-adapted samples (33) , because the stn7 kinase is turned off in high light (21, 37, 38) . This was apparent for thylakoids isolated from HLilluminated protoplasts (Fig. S5A) . However, the phosphorylation level was 50-80% higher in isolated stroma lamellae compared with their dark-adapted counterparts (Figs. S4B and S5A , Left), in accordance with previous results (39) . Thus, it is likely that phospho-LHCII localized in unstacked thylakoids of HLilluminated protoplasts is in a quenched state, as reported for Chlamydomonas.
To obtain functional information about LHCII in isolated grana and stroma lamellae, we analyzed PSII/LHCII-specific changes in fluorescence spectra recorded at 77 K (Fig. S6) . For grana isolated from HL-treated samples, new emission bands at ∼680 nm and ∼700 nm indicated dissociation of LHCII from PSII and partial LHCII aggregation (∼700-nm band). Analysis of fluorescence spectra for stroma lamellae revealed an increase in aggregated quenched LHCII and a decrease in free unquenched LHCII (Fig. S6) . This indicates that the LHCII released to the stroma lamellae by partial destacking is in an energy-quenched state. The mechanism behind the switch of trimeric phospho-LHCII to a dissipative state in stroma lamellae is unclear, but it supports photoprotection under light stress by lowering the excitation pressure on the photosystems and by minimizing reactive oxygen species production.
Lateral partial destacking enables direct access to the repair machinery in the stroma lamellae, but only for those PSII complexes localized in the destacked peripheral grana region. Although this is a considerable PSII fraction (∼30-40%, estimated by assuming a homogenous PSII distribution in stacked grana), the fate of PSII complexes damaged in the core part of the grana not subjected to destacking is unclear. These PSII complexes can escape from stacked grana only by lateral diffusion. The FRAP data show that protein mobility in isolated grana thylakoids increased significantly after HL treatment (Fig. 3) . Thus, HL stress switched the stacked membranes to a more fluid state that eventually allowed damaged PSII to escape from this thylakoid region. Consistent with this view was the increase in PSII (cyt b559) and LHCII (25-kDa band) concentrations in stroma lamellae after 30 min of HL treatment (Fig. 2) . This increase at later time points cannot be explained by lateral destacking (no further destacking after 30 min; Fig. 1C ), but can be understood by diffusion-dependent migration of proteins from the grana core region. Consequently, HL treatment apparently causes a net efflux of PSII from stacked grana, as indeed has been confirmed by EM on freeze-fractured thylakoids (19) .
Lateral destacking has several implications for the PSII repair cycle (Fig. 4) . First, a reduction in grana diameter allows damaged PSII localized in the destacked grana region to reach its repair machinery in unstacked thylakoid membranes without long-range diffusion through crowded grana. Second, lateral destacking reduces the diffusion path and consequently the diffusion time for PSII complexes that are photoinhibited in the remaining stacked grana core region. Based on the measured changes in grana diameter (Fig. 1C) , it follows that the mean diffusion path for proteins in stacked grana (i.e., the path for 50% of grana PSII) was reduced from 131 nm in the dark to 108 nm after 30 min of HL treatment (i.e., by ∼20% geometric impact of reduced grana diameter for mass flow out of the grana is the increase in the grana perimeter-to-area ratio. This leads to an increase in protein exchange zones at the stacked-unstacked interface, which is advantageous for lateral membrane traffic of damaged and repaired PSII. Third, the release of damaged PSII into unstacked regions allows direct physical contact to hexameric FtsH proteases that degrades the D1 subunit (40) . The height of the stromal protrusion of the FtsH proteases is 6.5 nm (41) . This large protrusion may exclude the FtsH proteases from stacked regions by steric hindrances, because ultrastructural data showed an only 3-to 4-nm wide partition gap in grana (26, 42) . Intermixing of FtsH proteases and photoinhibited PSII by partial lateral destacking is favorable for a swift D1 degradation, as postulated recently (43, 44) .
Finally, the release of LHCII from grana is a mechanism to lower the excitonic pressure of active PSII complexes in the remaining stacked grana area. Any LHCII remaining in core grana could serve as a light harvester for nondamaged PSII, which would be counterproductive for protecting the photosynthetic machinery under HL stress.
Consequences of grana network condensation (Figs. 1B and 4) for PSII repair are less clear. A possible advantage is that the mean distance between the rim of stacked grana to proteins in stroma lamellae is reduced by condensation, which could speed diffusion-dependent processes in unstacked thylakoid regions. With respect to the PSII repair cycle, affected processes include interactions between phosphorylated damaged PSII and its phosphatase(s), between dephosphorylated PSII and FtsH proteases, and between PSII and ribosomes for cotranslational insertion of de novo synthesized D1 subunits, as well as the backtransfer of reassembled repaired PSII to grana. Knowledge of protein diffusion in unstacked thylakoid regions is limited to grana end membranes (45) and the exchange between granaseparated stroma lamellae (46) . Protein mobility is expected to be higher in stroma lamellae than in grana thylakoids, because of a lower protein-packing density (15, 47) . The protein-packing density in stroma lamellae is significant, however. The protein: lipid (wt/wt) ratio is 86:14 for grana and 61:39 for stroma lamellae (47) . Furthermore, HL treatment led to an increase in protein concentration in unstacked thylakoid membranes (Fig.  2) . Thus, the reduction of the diffusion path between stacked and unstacked regions by condensation of the grana network could facilitate the identification of reaction partners involved in the multistep repair process in stroma lamellae.
The folding of the thylakoid membrane system to strictly stacked grana sets constraints on protein exchange between stacked and unstacked membrane regions. In contrast, brisk protein traffic between these subcompartments is required for the repair of damaged PSII as well as other adaptation processes, such as state transitions or remodeling of protein composition in the course of long-term acclimations. The architectural switch of the thylakoid membrane system reported in this study is an elegant way of enhancing the multiple diffusion-dependent reactions involved in the PSII repair cycle.
Materials and Methods
Protoplast Preparation. WT A. thaliana (ecotype Columbia) plants were grown in soil (9 h, 100 μmol quanta·m
·s −1 , 15 h dark) at 20°C in a growth chamber. Protoplasts were isolated as described previously (48) . In brief, leaves from 4-to 6-wk-old plants were cut into small pieces and incubated in protoplast buffer [20 mM MES (pH 5.7), 0.5 M mannitol, 10 mM CaCl 2 , 10 mM KCl] supplemented with 1% (wt/vol) cellulase and 1% (wt/vol) maceroenzyme overnight at 15°C in an incubator shaker (Inova 4403; New Brunswick). Protoplasts were collected by filtering through 80-μm Miracloth, then centrifuged at 150 × g for 3 min at 4°C. The protoplast pellet was then resuspended in protoplast buffer (pH 7.4). Because the dependence of grana stacking on divalent cation concentrations is rather insensitive at concentrations above 2 mM, incubation in protoplast buffer (10 mM CaCl 2 ) was expected to have no significant effect on stacking behavior (49, 50). Image analysis and statistical analysis were performed using ImagePro (Media Cybernetics Inc.) and SigmaPlot11 (Systat Software Inc.) software. Grana diameter was determined from gray-scale profiles of individual grana stacks (Fig. 1C) and quantified as FWHM. In some cases, the grana shapes are not perfectly round, owing to a slightly staggered arrangement of two grana discs localized in different z-planes. To take this into account, only the smallest diameters of these particles were analyzed. The diameter values were corrected by measuring the microscope's point spread function (Fig. S3 ) using red (660-nm emission) fluorescence microspheres with a diameter of 0.175 ± 0.005 μm (PS-Speck Microscopy Point Source Kit; Invitrogen). The distribution of grana stacks within chloroplasts was characterized by NNDF as described previously (20) .
FRAP Measurements. Isolated grana membranes incubated under anaerobic conditions were placed on a glass slide covered with a bilayer of phosphatidylcholine stained with BODIPY C12 (18) , to avoid artificial glass-membrane interactions. The incubation buffer contained 30% (wt/vol) Ficoll to reduce the mobility of the small grana membranes. Chlorophyll fluorescence was excited at 488 nm and detected at 650-720 nm. The FRAP approach assumes that the bleached pigments are irreversibly bleached; to test this, whole grana patches were bleached so that no reservoirs of unbleached pigments remained. The recovery of these totally bleached samples was very low (1-3%). The data were corrected against total bleach recovery. FRAP images were analyzed with ImagePro and SigmaPlot software as described previously (18) .
Spectroscopy. Low-temperature (77 K) fluorescence emission spectra were recorded with a Horiba Jobin Yvon FluoroMax 4 spectrofluorimeter in the spectral range of 650-800 nm (slit width, 2 nm) with an excitation wavelength of 435 nm (slit width, 5 nm). PSII content was measured by difference spectroscopic quantification of cyt b559, and the content of the cyt b 6 f complex was measured by quantification of cyt f and cyt b 6 , as described previously (52) . Signals were recorded with a Hitachi U3900 spectrometer (spectral range, 540-575 nm; 2-nm slit width). The spectra were analyzed as described previously (52) . Cytochrome concentrations are expressed in mol of cytochrome per mol of chlorophyll.
Electrophoresis and Immunoblot Analysis. Protein composition was determined by SDS/PAGE on 12.5% polyacrylamide gel containing 6 M urea (53) using Coomassie blue staining. Gels were loaded on the chlorophyll basis. For immunoblot analyses, proteins separated by SDS/PAGE were electrotransferred on PVDF membrane (Millipore) as described by Towbin et al. (54) . Membranes were probed with antibody raised against C terminus of the D1 protein (Agrisera), then incubated with HRP-conjugated secondary antibody. Immunodecorated bands were detected by fluorography using an ECL detection kit (GE Healthcare). D1 content was determined form densitometric quantification of the Western blot bands using ImagePro Plus software. Phosphorylation of LHCII in isolated stroma lamellae and intact thylakoids was studied with antithreonine antibodies from Zymed Laboratories as described previously (30) .
